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Introduction

Any and all observational astronomy outside of our Solar System is only done
with light analysis, whether images or spectra, and galaxies are no exception. Although extremely distant, research into the numerous galaxies continues with great popularity. The importance in this research is that it has
other consequences rather than pure astronomical wonder. Galaxy research
is complimentary with cosmological research, where both look into current
cosmological questions such as dark energy and dark matter distribution. As
well, understanding the formation of galaxies and their evolution through time
lets us see some extremes of matter interaction, primarily with gravity and its
mysteries.
However, behind all that, proper image analysis of such objects is possibly the most important. It is the start of any observational research, which
would help conclude hypotheses and theories formulated. For this thesis, I
will present my research projects and results about morphological analyses of
these galaxies, as well as how it has worked when applied. I will introduce
some background information necessary to understanding where my research
can head. Then I will go through the projects, where I will talk about important localized knowledge and the methodology and results. Finally, I will
introduce some future work that can be done to further our analytical techniques.
1.1

Defining Galaxies and Evolution Research

Galaxies are some of the most incredible and beautiful things we can see, but
we do not know really anything about them. Since the “Great Debate,” no
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one was capable of pursuing research into galaxy evolution until Edwin Hubble
created a process of galaxy morphology. His technique, although historically
significant, is impractical in further research for for understanding the evolution of galaxies over time.
To understand the field we have to understand some notable instances
into my research. To begin would be to note Hubble’s research. He has created
two important implications in his research: the idea that galaxies would look
different and therefore have different properties and likely evolutions, and the
radial velocity discovery that set the basis for cosmology. At first, Hubble created a taxonomic approach to the research, where he grouped galaxies based on
important features: does it have a spiral or does it look like an ellipsoid? If one
of those are a yes, the galaxy is a spiral or elliptical galaxy respectively. If both
are no, it is an irregular galaxy. The conditions are exclusive, so both cannot
be yes. From this, Hubble assumed that elliptical galaxies would eventually
evolve to spirals. Although proven false, the convention of saying early-type
and late-type galaxies to refer to elliptical and spiral galaxies, respectively,
stuck [Ryden and Peterson, 2011]. His other work saw breakthrough in astrophysics as he saw the relationship between the radial velocity of a galaxy and
its distance. His empirical equation
vr = dH0

(1)

is known as Hubble’s Law and is the foundation of cosmology, where H0 is
Hubble’s constant.
The present issue with Hubble’s morphological categorization is twofold: it cannot be easily represented in mathematical evaluations to show what
the galaxy is, and it is biased in how an observer would determine what classi-
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Figure 1 Hubble’s famous fork diagram, showing his thought process in his evolution hypothesis. Image provided by ESA/NASA.
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fies as a particular morphology. Although this makes classifications on galactic
structures easy at the time, observations are difficult without a unified consensus when comparing a galaxy’s morphology and its other physical properties,
such as its half-light radius.
1.2

Furthering Morphology

For my case, we focus on morphology research and evolution research. Following Hubble’s classifications, people followed suit with similar taxonomic
approaches: such as ring and bar structure focus [Elmegreen, 1998]. This
does not resolve the issue prior with Hubble types; however, some numeric
parameters came out from this: inclination and ellipticity are popular examples. From this, the beginning of quantitative morphology approached with
the Sèrsic profile n. For a galaxy’s light profile, the intensity I from a certain
radius R from the center, which has intensity I0 , has such a relationship:
R

I = I0 e−k( Re )

1
n

(2)

where Re is the effective radius, the point in the radius where the light intensity
is half of the center’s and is the same as half-light radius, and n is the Sèrsic
index [Sérsic, 1968]. From this, relationships are discovered by the two primary
types: spirals and ellipticals. Ellipticals follow the profile when n ≈ 4: a
special profile is called the de Vaucouleur profile, while spirals follow when
n ≈ 1: which is called an exponential profile [Ryden and Peterson, 2011]. The
interest would be the index, where it gives a number to a morphology. This
method also brings issues, where the numbers are more dependent on the
model used for measurements. However, being one of the first quantitative
morphologies, it quickly became popular.
4

There has been a large quiet period between trying to find quantitative morphological parameters. Near the beginning of the 21st Century new
parameters started to come out. These parameters are purely quantitative
and are scale-invariant, where they are calculated purely on the pixel values of the object. These calculations are the Gini value, asymmetry value,
smoothness, concentration, and moment of light calculations to name a few
[Conselice, 2003]. This offers the opportunity of morphological calculations
without the use of a model. This lets observers begin a completely neutral
analysis. However, there are two issues. One issue would be that it is not
an end-all-be-all form of morphology analysis, as they are primarily focused
on light distribution and that can vary with filter and with redshift. They
are good, however, when one uses them in their respective frame. The other,
larger issue is how the parameters are drastically affected by resolution. Lower
resolutions mean less pixels to work with in order to determine a parameter.
This may be more reliable than human biases, but these parameters would
have high uncertainty with higher redshift that may very likely be incorrect
with future technology incoming. Because of their primary use in my research,
I will mainly talk about the Gini value and asymmetry value. As well, these
parameters are the most independent of each other, as some parameters show
correlation with others when scaling resolution [Holwerda et al., 2014a].
1.3

Galaxy Evolution Research

Galaxy evolution research takes a large breadth of contents. For our case, the
main focus would be with morphological and morphometric parameters that
I have worked with.
One importance in understanding is the luminosity of the galaxies.
5

Figure 2 Luminosity function on galaxies based on redshift.

Figure provided from

[Bouwens et al., 2015].

An interesting observation is the population of luminous galaxies go down as
redshift increases. That means galaxies have gotten brighter the farther in time
we are in the Universe. This is expressed as the luminosity function (LF). This
is a function of magnitude compared to number density of galaxies. Figure
2 shows the latest observational evidence for this theory. As it can be seen,
the population of galaxies drop and there appears to be a magnitude cut-off
per redshift and that cut-off becomes higher magnitude as redshift increases.
However, this only shows statistical probability of where a galaxy should be
compared to their redshift.
The other notable observation is the size differences between redshifts
of galaxies. Galaxies that are more redshifted, and are therefore earlier in
the time of the Universe, appear to be smaller than less redshifted galaxies.
This means that the first galaxies formed were smaller, and as time went
on galaxies eventually became larger. This theory has basis in Hubble’s law
6

Figure 3 Redshift compared to half-light radius of galaxies between z ∼ 2 − −10. Included
are possible numerical models of this relationship. Figure provided by Dr. Benne Holwerda.

and our current understanding of the Universe through cosmology in order
to properly receive a physical radius of a galaxy from angular measurements.
To measure this, we typically only consider the half-light radius, equivalently
called the effective radius. With approximations, we can assume baryonic
mass correlates linearly with light intensity; however, it would be difficult
to include dark matter halos without understanding velocity dispersion due
to radii [Ryden and Peterson, 2011]. Because of that, we are limited in full
description on high-redshift galaxies. However, Figure 3 gives the latest observational data into such phenomena.
1.4

Software Analysis

All of what I have talked about has an important stipulation: all contemporary
research has shifted into doing computational work in some way. Because of
that, our numerical analyses within our programs are important in and of
themselves. That is why part of my research is looking into such software.
From the scope of the research done, I talk about one particular program
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called Source Extractor [Bertin and Arnouts, 1996].
Source Extractor is software that takes image data and does photometric analysis, or quantified pixel-by-pixel analysis of objects, in order to
compute necessary parameters. It then generates a catalog of these objects
and parameters. For my interests, it is capable of doing morphometric computations, or quantified morphology analysis, of necessary parameters such as
inclination, ellipticity, position angle, and even Sèrsic index. However, there
is question on the reliability of those computations, which is the motivation in
my first project. That was to test the accuracy and precision of such computations, which included computed uncertainties provided by the software, and
see for further application with future surveys. What we find is essentially a
warning to all astronomers.

2
2.1

Source Extractor Galaxy Morphometrics
Project Introduction

A galaxy’s morphology inherently holds traces of their dynamic and starformation history. Making quantities of the morphology of galaxy or galaxy
morphometrics has been a key sub-field for extra-galactic astronomy since the
days of Edwin Hubble’s tuning fork.
Morphology is also usually the first aspect considered in a new galaxy
survey. With the current and coming large ground- and space-based imaging
surveys (e.g. KIDS, DES, LSST, EUCLID and WFIRST), it is becoming of
paramount importance to have a quick, reliable and fast tool to characterize
some of the common morphometrics, because of a fear of too much data for
science.
8

As such, one popular software astronomers turn to is Source Extractor.
Known for being of relatively easy use and fast computations, it is the first tool
used when it comes to getting data from an image.Its attractive characteristics make it seem that it is picked always, yet we do not know too thoroughly
about the computations themselves.
There could be inherent inaccuracies coming from computing these parameters. For one, Source Extractor does not do any fitting whatsoever and
heavily relies on the models pre-built within it. How truly accurate and precise
are these computations? That is what we are trying to answer, by running
Source Extractor over some fields that have already been measured using
fitting, as well as getting as large of a sample size as possible.
Within this section, we test Source Extractor by comparing its computed catalogs to another catalog from a fitting software, GALFIT. Although
the previous data is researched, we are approaching the survey as if it was new
and untested, as future surveys will be. We will try to see how useful Source
Extractor is with accuracy and differentiating techniques.
2.2

Survey Data

In this project, we use the CANDELS [Koekemoer et al., 2011] mosaic to be
as consistent as possible with previous results we use for comparison a catalog from [van der Wel et al., 2014] with Bouwens providing a template in private communications. The images were taken by the Hubble Space Telescope
(HST ) with Wide Field Camera 3 (WFC3 ) and were of the filters F125W
(J) and F160W (H) [Dressel, 2012]. The mosaics and catalogs are both freely
available and pose an accessible benchmark for morphometric measurements
For the point spread function (PSF) model, we employ the circular9

Figure 4 Total counts of the GALFIT catalogs and our Source Extractor catalogs

ized model PSF from [van der Wel et al., 2014] employed slightly different PSF
models for their GALFIT fits but we opt for circularized model PSFs here because the orientation of the camera changes with each visit for the CANDELS
mosaics. We ran Source Extractor on the PSF fits image to obtain a valid
.cat file for PSFex to run on. Sky values were set to zero and deblending to the
least aggressive level possible. The resulting F125W and F160W PSF models
were then used for all subsequent Source Extractor runs.
The advised approach for running morphology measurements with Source
Extractor is to first run Source Extractor to obtain a preliminary catalog
from which one selects the stellar objects to be used by PSFex to construct a
model PSF and to select those objects that are extended enough to be used in
a morphological fits. In the second run, Source Extractor only runs on those
objects in an input catalog (cross-correlation) to save time otherwise wasted
on poorly resolved or uninteresting objects.
The Source Extractor approach is to map the data onto a model
10

library rather than a full fit from the user. Models are computed using a
pixel grid size that depends on sampling and on the object. Image and model
rasters are re-binned for very large objects Several model components currently
available are included in Source Extractor:
• Background level
• Delta function (2 + 1 parameters)
• Sérsic (2 + 5 free parameters). Sérsic-like models are aliased at virtually
any resolution.
• De Vaucouleurs (2 + 4 free parameters)
• Exponential (2 + 4 free parameters)
The second run uses a minimization by a LevMar implementation of the
Levenberg-Marquardt algorithm [Lourakis et al., 2004], an adaptive Jacobian,
with initial parameter guesses based on the “classical” Source Extractor
measurements and bright pixels from neighbors masked automatically by Source
Extractor in the existing code.
The Source Extractor implementation uses a fractional error instead
of absolute ones for the bright parts of the object. The idea is that an ideal
fit is unlikely given the amount of substructure typically available in galaxy
images (e.g., dust lanes, star formation/HII regions, spiral structure etc etc.).
There are two key differences between the Source Extractor approach
and existing programs such as GALFIT and imfit are: 1) the fit happens as a
discrete composition of models and 2) the χ2 is based on the fractional error,
not the absolute one. This adheres to the Source Extractor central design
philosophy tenet: speed.
11

Table 1 Mean ratio of

GALF IT
SE

for both the spheroid model and disk model. The last column

compares the two models. Threshold magnitude is applied.
H-band

Spheroid

Disk

Disk
Sph.

Ref f

0.5286±1.003

3.109±13.41

5.882±27.72

n

0.5993±0.7199

—

—

q

0.6±0.4595

5.203±106.7

8.672±178.0

PA

4.321±2388.0

4.672±948.4

1.081±636.4

J-band

Spheroid

Disk

Disk
Sph.

Ref f

1.782±1.825

3.235±13.83

1.815±7.979

n

0.9889±1.044

—

—

q

2.153±1.302

4.606±64.05

2.139±29.77

PA

4.467±3900.0

2.461±304.1

0.5509±485.8

The Source Extractor fits employ a couple of (tacit) assumptions or
priors for the fits, e.g., only positive fluxes are allowed, but ellipticity limits
for bulge components which is a little more explicit.
Instead of a double run as originally intended by the original design,
we employ a single run where the positions from the van der Wel catalog are
from the cross-correlated input catalog. And instead of a PSF mapping from
the mosaic, we employ a PSFex model extracted from the model PSF from
Bouwens et al (private communication).
2.3

Morphometric Results

The van der Wel catalog contain single Sèrsic fits to all F125W and F160W
objects in the CANDELS field, we can compare the Séric index and effective
radii with those obtained from the Sèrsic fits with Source Extractor directly.
These four comparsions are made in Figure 5.
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Figure 5 Differences between axis ratio, position angle, Sèrsic index, and effective radius
between GALFIT and Source Extractor, using Total Magnitude. Spheroid model is the
only one that can compare the Sèrsic index.
13 Spheroid and disk used for effective radius
comparison. COSMOS in J filter is used as an example.

Figure 6 Comparison between the Sèrsic profile spheroid model and exponential profile disk
model, comparing flux, magnitude, effective radius, axis ratio, and position angle. COSMOS
in J filter is used as an example.
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Table 2 Mean ratio of
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for both the spheroid model and disk model. The last column

compares the two models. Threshold isophotal area is applied.
H-band

Spheroid

Disk

Disk
Sph.

Ref f

5.746±743.6

5.124±69.2

0.8918±116.0

n

1.4±79.78

—

—

q

3.622±148.6

6.375±185.4

1.76±88.51

PA

3.874±92930.0

2.316±566.8

0.5978±14340.0

J-band

Spheroid

Disk

Disk
Sph.

Ref f

48.9±5381.0

4.532±62340.0

0.09268±1275.0

n

0.8911±44.78

—

—

q

3.222±111.1

5.311±177300.0

1.648±55020.0

PA

0.3704±3953.0

0.09401±219000.0

0.2538±591200.0

Related comparisons can be made for de Vaucouleur or exponential
profiles by limiting the Sèrsic index in the van der Wel catalog to a value close
to n=4 or n=1.
The difference between a van der Wel approach, using GALFIT, and the
Source Extractor one may simply be a matter of information available and
shot noise. Figure 5 compares the difference between the Source Extractor
values and thee GALFIT ones as a function of number of object pixels.
The total amount of objects counted by Source Extractor is quite a
bit less than that of GALFIT’s, with an average

GALF IT
SE

≈ 79.24% (see Fig-

ure 4). Counted in total, Source Extractor detected 297130 sources, while
there were 372882 sources in the [van der Wel et al., 2014] catalog. Goods
South is catastrophically miscounted. Because of this, I recommend not using
Goods South independently, because of that low count. Overall, the counts
are also affected by the versions of the GOODS data of the FITS files, where
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[van der Wel et al., 2014] were using version 0.5 of the files, we were using
version 1.0.
We also looked into particular parameters: the effective radius and the
Sèrsic index for the main comparison, as well as the axis ratio and the position
angle. Seeing these properties between the GALFIT and Source Extractor’s
two models: the Sèrsic spheroid model and exponential disk model. These
properties are compared between the two models and to both the total flux
and total magnitude of the source. With the total flux and total magnitude,
we also determined a threshold amount, where we only counted objects at or
above/below it. By comparing the two models, we determined that magnitude
would be the better choice, for Source Extractor applied a large gain to our
flux count. It could be seen that in the comparison graph of flux between the
two models, there is large spread with supposed little RMS error. This is likely
due to this gain level, as well as general noise. The magnitude, however, shows
more consistency, seeming to fit within the error bars. Using magnitude, we
determined the threshold magnitude would be ≈ 20, so objects of magnitude
20 or below would be counted. With that threshold, Goods South would not
count, as no object in there is at or below 20 and the catastrophic miscount
discussed before. This did, however, substantially reduce the amount of objects
counted in each field, varying between 0.44% and 1.21% of the total objects
counted in each field per band. This, in turn, only had us count 1481 objects
for the spheroid model and 1985 objects for the disk model. Compare this to
207967 sources extracted from GALFIT, these numbers are extremely low if
we take into trust the accuracy proposed by [van der Wel et al., 2014].
GALFIT and Source Extractor do not agree with the computed values for each property. The Sèrsic index is the most varied, having an average
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difference, with threshold, of ∆n ≈ 3.16 for all fields and bands between the
spheroid model and GALFIT, showing that there is not a clear distinction of
the profile of the object in question. Since this is only comparable between
GALFIT and Source Extractor’s Sèrsic spheroid model, meaning that Source
Extractor is not fully capable to determine Sèrsic index by itself.
The effective radius is is decent. Source Extractor outputs the effective radius value in degrees, converted to arcseconds after computation.
The mean difference came out as ∆Ref f = 2.664” for the disk model and
∆Ref f = 1.036” for the spheroid model. Source Extractor does produce the
isophotal area for each object, letting us see if the elliptical area is smaller
in Source Extractor than in GALFIT, meaning Source Extractor assumes
the object to be smaller. However, GALFIT’s isophotal area calculations are
not provided. Between the spheroid model and the disk model, the disk model
seems to mostly underestimated compared to the spheroid model. Keep in
mind, the disk model calculated the scale length, Rh , not the effective radius.
To accurately compare, we used the numeric equation Ref f = 1.67835Rh .
Still, the RMS error is greater for the disk model than the spheroid model by
a substantial amount.
The axis ratio, for both models, show a bit more precision to the computation. There is still large amount of spread, though. The mean difference
is ∆q = 2.931 for the disk model and ∆q = 1.121 for the spheroid model. This
is still showing that it is quite off compared to GALFIT. Between the spheroid
model and disk model is more indistinguishable. Notice that it does not go
below 0.5 and above 1; however, the spread is still quite indistinguishable and
forms the blob between 0.8 and 1. Although, it may say that his may say that
most of these galaxies are quite circular. The error between the fields also
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widely vary with either the spheroid model and disk model creating the most
error in that field and band. With this discrepancy, axis ratio does not seem
like it can be used with Source Extractor to get an accurate, precise value.
However, based off of that clump, the disk model seems to be underestimated
compared to the spheroid model the closer one gets to q ≤ 1.
The position angle shows less precision. The spread is still visible, but
the disk model shows the fits have more of a consistency. The mean difference
was ∆P A = 42.05◦ for the disk model and ∆P A = 58.34◦ for the spheroid
model. With this, disk model seems to be slightly more precise. However,
looking at the comparison between the two models, there seems to be the
present error of the angle either being positive or negative, and this creates
the three clumping areas in the graph. Still, the disk model’s large general
error is still larger, as seen with its mean error bar.
For further comparison, we took the average ratio, in each filter, for each
parameter, in each model:

GAL
Sph.

and

GAL
.
Disk

two models by dividing their mean ratios:

On top of that, we compared the
GAL/Disk
.
GAL/Sph.

It shows which parameter

are the least useful from Source Extractor. With the effective radius, it is
effectively close, being

GAL
Sph. Ref f

= 0.5268 in H-band and

J-band for the spheroid model, while it is

GAL
Sph. Ref f

GAL
Sph. Ref f

= 3.109 (H) and

= 1.782 in
GAL
Sph. Ref f

=

3.235 (J) for the disk model. However, effective radius does have large error,
with it being over 100% of the proposed value. The position angle has the
larger multiplier of them all, being averaged at
4.467 (J) both with the spheroid model, and
GAL
Disk P A

GAL
Sph. P A

GAL
Disk P A

= 4.321 (H)

GAL
Sph. P A

=

= 4.672 for H-band and

= 2.461 for the J-band, both for the disk model. However, the errors

are extreme; obviously, they are larger than than the number by almost a factor
of 100000% at maximum and around a factor of 100% to 500% for the rest.
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IT
Figure 7 Comparison of Isophotal area and ratio of effective radius ( GALF
) between the
SE

two models, H and J-band.

With such errors, no reliable accuracy can be assigned to position angle. The
axis ratio is the smallest multiplier between the two models, being
0.6(H) and
and

GAL
Disk q

GAL
Sph. q

= 2.153(J) for the spheroid model and

GAL
Disk q

GAL
Sph. q

=

= 4.672(H)

= 2.461(J) for the disk model. The disk model does, however, have

extreme errors, as well. They are up to a factor of almost 2000%. The spheroid
model, however, are not as extreme. They are around a factor of 83% and 60%.
However, looking at the magnitude, it would be considered biased, as it
depends on the model, which utilizes the PSF that was provided. Instead, we
look at an unbiased measurement provided by Source Extractor: the isophotal area. When we look at the isophotal area, we see that provided noise is
noticeable if it is below the minimum of 1000 pixels2 , and for highest accuracy
recommended at 5000 pixels2 . In this project, we look at the minimum isophotal threshold. Also looking at these threshold graphs, we see that there is the
certain population that seem to be objects we avoid, i.e. M-dwarfs, but with
the added spectroscopic redshift into the catalogs later on, the object would
have to be receding and substantial enough to be counted, so they would be
sorted out.
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Looking at its ratios are not as accurate, however. The Sèrsic index
are close between the two thresholds; it is less similar in H-band than in
J-band. It makes sense, as J-band objects would appear more luminous in
the data due to Malmquist bias. Axis ratio follows by, with the same trend
of having more similar in J-band than in H-band. Position angle is less so,
and effective radius is the least similar between the two thresholds. Both
technically still have more similar objects in J-band. However, looking at the
errors using isophotal area, the spread with that threshold is larger than with
the magnitude threshold. Looking at the Source Extractor in general, it
does not fit well with GALFIT’s calculated parameters. One negative with the
isophotal threshold is visible in Figure 7, where below the 0.5 of the effective
radius ratio, that some objects that do not seem to be galaxies are getting
picked up with the threshold applied. This shows that Source Extractor in
itself cannot distinguish galaxies from other objects, and some error will pass
through.
Another reason we use isophotal area threshold instead of magnitude
threshold is the visible bias between the two models when it comes to determining the magnitude of an object. As seen in Figure 6, the disk model
seems to cap the apparent magnitude of any measurement around 28, but the
spheroid model seems to extrapolate and seemingly pick up fainter objects.
Viewing this, we can say that the disk model, only picking up at a certain
measurement, to be more realistic, while the spheroid model seems too optimistic in what it picks up. This does show inconsistency with magnitude,
being biased based on the model used.
Although with larger error, we look forward with isophotal area threshold. We run Source Extractor again, this time the correlated catalog is spec20

Figure 8 Ratio comparison of two Source Extractor models ( Disk
Sph. ), effective radius versus
total magnitude,

troscopic redshift. The runtime this time was less, ≈ 8 hr, due to less objects
specified in the spectroscopic redshift data. Looking first at the count, it is
drastically lower than that between Source Extractor and GALFIT. There
is a reason: there is not much data on the redshift of the objects we counted
and extracted. However, looking at it, Source Extractor does seem to be
able to limit the count to that of presumably any correlating catalog with its
extraction run, making it efficient with the amount counted and, with proper
object correlation, limit the extracted data to what we are looking at only.
Using the two models Source Extractor has, taking the ratios between
the two models should organize the galaxies visually based on morphology,
as spheroid is more attuned for ellipticals and disk model more attuned for
spirals. Taking ratios of effective radius versus the total magnitude, and then
colorizing the Sèrsic index, we see that there is a discernible split between
the total magnitude ratio of 1. Effective radius may not be the most suitable
ratio to compare; one may have better results with another ratio, say axis
ratio. Also, a third parameter present should also organize it further and
more clearly.
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Looking at the redshift to determine evolution over time, we do seem
to have similar looking results compared to other findings. Before that, biases
do need to be stated. We counted more elliptical galaxies than spiral from
now until z ∼ 3. We have not gotten a large amount of spirals to say anything
statistical about them. However, looking at the effective radius over time
for both ellipticals and spirals, we see slight growth as time goes on, more
prominent as one goes from z ∼ 3 up until z ∼ 0.5. From then on, it seems to
start shrinking, but this is likely due to not being able to see as many things
up close and getting a far fewer count rather than father away and getting a
larger count. It is harder to say on spirals, as their count is far few compared
to ellipticals. Still, further looking into the χ2 of the morphologies, it seems
that, in general, the fits seem to be well enough in general through redshift.
2.4

Project Discussion

Source Extractor, for all its limitations, has been the catalog software of choice
for astronomical imaging surveys and the standard to which new software is
compared. The introduction of morphological information (together with the
option to cross-correlate using celestial rather than pixel coordinates) has once
again put it at the forefront of astronomical imaging. Not bad for a 21 year
old program.
The attraction of using Source Extractor for the next generations of
imaging surveys remains its most winning aspects: stability and speed. If one
can generate reasonable fits of galaxy profiles reliably and speedily, Source
Extractor remains competitive in the coming age of imaging (e.g. LSST,
EUCLID and WFIRST).
We have compared Source Extractor to GALFIT on a large public
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data set here to evaluate its performance.
Source Extractor, compared to GALFIT, seems to mainly underestimate effective radius (by a large factor) and position angle, both underestimates and overestimates for the axis ratio depending on the filter used,
and overestimates the Sèrsic index for the spheroid model. For using Source
Extractor in general, we would not recommend using it by itself without following up with confirmation. One can use the mean ratios to see what one
object, of magnitude 20 or below, to see what its parameters may be, then
follow up with further confirmation with a different program. The primary
issue would be the error, showing a large spread of possible characteristics of
an object, but it can give a range.
With choosing between which model to use, the disk model seems to
be the more precise choice, if not realistic, in general. After our thresholds,
the disk model was the one with the least visible spread within our graphs.
For certain parameters, it is harder to decide. The Sèrsic index and the axis
ratio are the ones with the least spread with the isophotal area threshold, our
preferred threshold.
Considering the magnitude threshold, the only remotely precise computations is axis ratio using the spheroid model. All other parameters, even
the Sèrsic index, have errors above 100%. Yes, the axis ratio’s errors are still
large, but as a first look, which should be followed by further comparisons, it
can be a viable choice. Also, considering Source Extractor’s run time when
the processes are run in parallel and being at maximum of 10 hours for all
those parameters we had to get, it is quick and a first look that will not take
too long. If using Source Extractor for all of them, there will be a large
spread, but as a first look, especially with recently discovered objects, this can
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be great to get first catalogs and first morphometric parameters.
Considering the isophotal area threshold, it is still the same as for
magnitude threshold: best measurement is the axis ratio from the spheroid
model. However, all the uncertainty Source Extractor expects is beyond that
100% presented by the magnitude threshold. Like we said before, isophotal
area threshold would be our choice threshold, as it has a larger count than
magnitude threshold, which is so small that it is presented data cannot be
used due to biases.
2.5

Project Conclusions

In conclusion of this project, we find that Source Extractor can be used
to quickly get first catalogs. This is mainly due to it being good in picking
out objects with the correct detection threshold: 79.24% effective. Yet, it is
still highly dependent on cross-correlated catalogs. This makes it useful for
any pre-made detection catalog to be used for trend finding. Overall, we see
Source Extractor as vital in understanding where objects may be in a new
survey; however, we do not trust it to produce useful measurements and errors.
We suggest use in order to gauge some location and amounts of galaxies, but
no further.
Source Extractor mainly underestimates measurements; and the spheroid
model underestimates it further, but seemingly is more realistic than the disk
model. In terms of a threshold determinant, isophotal area seems most ideal
as a threshold. It is large in error, but has larger count as it goes to z ∼ 3.
Although, this can be explained with our conic perception bias.
We also observe our elliptical count, with and without threshold, being
too high. Likely due to Malmquist bias and cosmic variance. Considering
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biases, our lacking count, although not confirm, seems to slightly compliment
galaxy growth. Overall, this means that Source Extractor would be fine to
use in terms of discovery and trend-finding; however, we suggest limiting its
use further and transfer to other software.
This research has made use of the NASA/IPAC Extra-galactic Database
(NED) which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space
Administration. This work is based on observations taken by the 3D-HST
Treasury Program (GO 12177 and 12328) with the NASA/ESA HST, which
is operated by the Association of Universities for Research in Astronomy, Inc.,
under NASA contract NAS5-26555. This research has made use of NASA’s
Astrophysics Data System. This research made use of Astropy, a communitydeveloped core Python package for Astronomy [The Astropy Collaboration et al., 2018].
This research made use of matplotlib, a Python library for publication quality
graphics [Hunter, 2007]. PyRAF is a product of the Space Telescope Science
Institute, which is operated by AURA for NASA. This research made use of
SciPy [Jones et al., 01 ].

3
3.1

Morphological Parameters of z ∼ 8 Galaxies
Morphological Analysis Introduction

Galaxy formation and evolution can be traced through time via galaxy light
profiles and morphologies. Qualitative classifications have been attempted
through [Sandage, 2005], but this method is done by-eye and suffers from
human biases [Elmegreen, 1998]. A definitive qualitative classification would
require an infinitely well-resolved image in order to perfectly distinguish among
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morphology types. Qualitative classification therefore typically falls short,
especially with high-redshift galaxies, where the resolution of the images is
often too low to distinguish the general galaxy profile well. This has created a
push towards a quantitative classification scheme for galaxies that is as close to
scale-invariant as possible. The goal is to reduce the information in an image
into a few simple values without much loss of discriminatory power.
Attempts to create quantitative classifications at various resolutions
have been made. One example is the Sérsic index, which traces the intensity
of the light profile from the center to the fringe of a galaxy [Sérsic, 1968]. However, Sèrsic indices are only able to describe the general content of light and
cannot discern internal structure on smaller scales. [Lotz et al., 2004] created
a set of two parameters that focus on light distribution (Gini, concentration,
and smoothness) as well as internal structure (M20 and asymmetry). Other
studies have proposed to use concentration and smoothness measurements of
galaxies in order to complement more traditional parameters [Conselice, 2003].
Unfortunately, all of these morphological parameters are optimized for z < 3
galaxy studies. While they constitute a promising step, little testing has been
done applying these parameters to higher redshift galaxy samples.
These classifications do show large potential for high-redshift morphological classifications: they are scale invariant, they eliminate human bias,
they provide a quantitative measurement that can be scaled to large samples,
and they break the redshift barrier in terms of resolution and wavelength [?].
They can also determine if the observed morphology is due to galaxy mergers or internal star formation activity[Lotz et al., 2010, Bowler et al., 2017].
Such morphological classifications are particularly useful for lower resolution
images, where hard-coded morphometric analyses such as those provided by
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Source Extractor would be difficult to execute.
An increasing number of very bright high-redshift galaxies have been
recently identified. The luminosity of these galaxies make them an excellent sample with which to study quantitative morphology at these redshifts.
Seven such objects, designated as the “Super Eight” galaxies, were discovered by [Calvi et al., 2016] and [Bouwens et al., 2015], and later confirmed in
Bridge et al. (submitted ). An additional four such galaxies have been identified
by [Roberts-Borsani et al., 2016a]. The Super Eight galaxies were discovered
in the Brightest of Re-ionizing Galaxies (BoRG) survey [Trenti et al., 2011],
while the [Roberts-Borsani et al., 2016a] sample was identified in the Cosmic
Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS )[Koekemoer et al., 2011,
Grogin et al., 2011]. Both of these surveys used the Wide-Field Camera 3 [?,
WFC3; ]]wfc3 on the Hubble Space Telescope (HST ). We use the final sample
of 11 very luminous z ∼ 8 galaxies in this work.
Confirmation of high-redshift candidate galaxies is challenging: spectroscopic confirmation is rare and observationally expensive [?, ]Bridge et al.
(submitted )], and [Roberts-Borsani et al., 2016a, Zitrin et al., 2015, Oesch et al., 2015,
Stark et al., 2017]. Photometric redshifts require solid photometry with spacebased telescopes (such as HST and Spitzer ) as well as bluer band non-detections.
The high-redshift frontier is now firmly at z ∼ 9 − 10, which is the limit of the
Lyman break technique with HST, with a dozen high-fidelity candidates known
[Zheng et al., 2012, Coe et al., 2013, Bouwens et al., 2011b, Bouwens et al., 2011a,
Bouwens et al., 2013, Ellis et al., 2013, Oesch et al., 2013, Oesch et al., 2014].
Other additional observational constraints help differentiate between highredshift targets and contaminants such as Galactic brown dwarf stars or dusty
lower-redshift dwarf galaxies [van Vledder et al., 2016, Ryan et al., 2011, Ryan et al., 2017,
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Figure 9 Left: IRAC color ([3.6]-[4.5]) vs. photometric redshift for the galaxies in the sample.
Right: IRAC color vs. half-light radius in H-band. Errors represent the 1σ uncertainties;
in some cases, the errors are within the marker. For both panels, the blue squares indicate
the galaxies from [Roberts-Borsani et al., 2016a], while the black squares show the objects
from Bridge et al. (submitted ). Half-light radius error assumes FWHM = 2 pixels.

Holwerda et al., 2014b, Holwerda et al., 2018]. One such additional constraint
is the size (effective radius) of the candidate galaxies [?, e.g.]]Holwerda15; this
is a value of interest for galaxy formation models [Fall and Efstathiou, 1980,
Mo et al., 1998], and the population’s size distribution may well constrain
these models from [Holwerda et al. submitted] and [Shibuya et al., 2015, Shibuya et al., 2018].
However, the exact size growth of galaxies still under debate [Ferguson et al., 2004,
Bouwens et al., 2004, Bouwens et al., 2006, Oesch et al., 2010, Hathi et al., 2008,
Ono et al., 2013, Shibuya et al., 2015].
The non-parametric galaxy morphometric parameters are therefore of
interest to select high-redshift galaxies as a self-similar population, without attempting to compare the high-redshift population to the morphometric values
at lower redshift, which is certain to suffer from systematics [Curtis-Lake et al., 2016].
The goal of this paper is to explore the application of two particular
quantitative classifying parameters: Gini and asymmetry. We investigate how
these parameters correlate with each other as well as redshift, half-light radius
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in H-band, and the Spitzer IRAC color, denoted as [3.6]-[4.5]. In Section
3.2, we discuss the data acquisitions as well as our derivation of Gini and
asymmetry. We explore our results in Section ??, and discuss the implications
in Section 3.4. We assume a Flat Lambda Universe with cold dark matter,
where H0 = 70 km s−1 Mpc−1 , Ωm = 0.3, and ΩΛ = 0.7.
3.2

Analysis Methodology

We obtained F125W and F160W imaging for all of the galaxies in the sample from the Hubble Legacy Archive1 (HLA) and the CANDELS Multi-Cycle
Treasury Program archive on MAST2 . We extracted each object using Source
Extractor[Bertin and Arnouts, 1996], requiring that the detection threshold
for each object was greater than 1σ and that each object had a minimum of five
contiguous pixels. We then determined the half-light radius and magnitude
of each object using the parameters FLUX RADIUS and MAG AUTO, respectively.
We also used the point spread function (PSF) models created for WFC3/IR
for both F125W and F160W3 in order to compare the results of the sample
to measurements of the PSF only. The PSF data is in cubes, so we take the
mean among all PSF images to be our model measurement for each filter.
The Gini coefficient, first used a measurement of galaxy morphology by
[Lotz et al., 2004], is a measure of the concentration of the light in a galaxy.
We calculated the Gini parameter by taking the image and each pixel value of
the galaxy and sorting the values in increasing order, creating an array with
1 https://hla.stsci.edu/hlaview.html
2 https://archive.stsci.edu/prepds/candels/
3 http://www.stsci.edu/hst/wfc3/analysis/PSF
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pixel values Xi . Then, the Gini parameter can be calculated as such:
n

X
1
G=
(2i − n − 1)|Xi |
|X̄|n(n − 1) i=1

(3)

Here, n is the number of pixels accounted as part of the galaxy and X̄ is the
mean of the pixel values of the galaxy.
The asymmetry parameter takes into account the entire object in its
image array with its pixel values Xij and then we rotate the image 180◦ ,
creating a rotated image array with pixel values Xij180 . Asymmetry is then
defined as:
X |Xij − Xij180 |
P
A=
2 i,j |Xij |
i,j

(4)

For more details, see [Conselice, 2003].
The values of both Gini and asymmetry can range from 0 to 1. A
Gini value of 0 means that the light is equally distributed among all of the
pixels of the object, while a Gini value of 1 indicates that all of the light is
concentrated in a single point. An asymmetry value of 0 means the galaxy
is completely rotationally symmetric, while an asymmetry value of 1 means
the object is completely asymmetrical in the rotational sense. [Lisker, 2008]
notes that the Gini parameter value –like all morphological measures– depends on the image signal-to-noise. However, since Gini does not depend
on having a precise definition of a galaxy’s center, it remains one of the
most robust morphometrics, preserved even in the case of gravitational lensing
[Florian et al., 2015a, Florian et al., 2015b].
With the Gini, asymmetry, redshift, half-light radius, and [3.6]-[4.5]
colors from [Roberts-Borsani et al., 2016b] and Bridge et al. (submitted ) in
hand, we look for correlations via both a weighted Spearman ranking and a
weighted Pearson ranking. This galaxy sample consists of ten objects, as one
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of the original Super Eight galaxies does not have an associated IRAC color.
It should be noted that the sample is derived from two separate surveys that
do have a difference in the observations technique: CANDELS was a dithered
survey, while the pure parallel nature of the BoRG survey results in single,
undithered pointings. However, these galaxies are identified in the same filter
(F160W) with the same instrument (WFC3), and are therefore likely drawn
from the same parent distribution.
In order to determine the errors for the Gini and asymmetry parameters, we need to consider two main sources of error: the shot noise, and
uncertainty in the central location of the galaxy [?]. Because Gini is simply a
measure of concentration, the exact location of the center of the galaxy does
not affect the results. The error in asymmetry, however, depends on both the
noise and central location error, but central location error is dominantly larger
than shot noise; therefore, our approximations only considered central location
error for the asymmetry.
To determine the central location error, we assumed various center
locations in a range from zero to a FWHM of two pixels. These shifts in center
resulted in 13 possible center locations for each object, where each image’s
center is shifted either vertically or horizontally. We calculated the asymmetry
of each galaxy using these thirteen positions; the mean and standard deviation
of these calculates give the final asymmetry value for each object.
To determine the error resulting from shot noise, we ran a simple bootstrap of 1000 instances of each pixel, drawing from a Gaussian distribution
determined by the uncertainty of each pixel. The final Gini value and uncertainty for each object is then the mean and variance of the 1000 iterations.

31

Figure 10 Gini and asymmetry values for the sample compared with redshift and half-light
radius in H-band. The symbols are the same as described in Figure 9. The error bars
represent 1σ uncertainties. The PSF model is shown in all panels with a green dashed line.

3.3

Morphology Results

We present the results with 1σ errors in Figures 9, 10, 11, and 12. The
morphological parameters fall within a fairly limited range. The Gini values
for all galaxies fall between 0.25 < G < 0.5 in both filters.
These objects are –if indeed marginally– resolved by HST. Additionally,
there appears to be no difference between the ranges in F160W and F125W.
In contrast, the asymmetry values span a much greater range, from
0.3 < A < 1. Asymmetry values of 1 are practically unphysical, but the
the majority of the sample ranges between 0.6 < A < 0.8. Compared with
our PSF model computations, these asymmetry values are in line with the
expectations from the PSF model.
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We calculate both the Spearman and Pearson ranking for the correlations between the Gini and asymmetry values and the redshift and half-light
radii of the galaxies (see Figure 10). Originally, the correlations were calculated without taking the errors on the galaxy parameters into account. These
correlations implied a moderate, non-linear correlation between the Gini value
and asymmetry. However, disregarding the errors implies that the mean values
are known infinitely well. In order to “weight” these correlations, we bootstrapped the morphological measurements 1000 times in order to generate
uncertainties on the p-values of the correlations.
We find little to no correlations. The highest correlation occurs between redshift and IRAC color; however, the p value for this relationship is
still p > 0.1, indicating low significance. This lack of correlation between the
morphological parameters and Spitzer IRAC color or half-light radius implies
independence between the morphology, size, or star formation. This independence allows using the morphologies alongside size or SFR without worrying
of possible correlation affecting measurements.
3.4

Discussion of Morphological Analysis

Our analysis indicates that the morphological parameters for this sample of
galaxies lie within a narrow range. This may indicate that Gini and asymmetry
could be used as additional criteria for high-redshift candidacy. Due to the
low-resolution of high-redshift galaxy imaging, other morphological parameters
such as smoothness [Conselice, 2003] are less useful in this regard. Between
the two, the better indicator of galaxy redshift is the Gini parameter, as our
analysis concludes that high-redshift galaxies lie in a particularly narrow range.
Given how important it is to pre-select promising candidates for JWST follow33

Figure 11 Comparison of Gini and asymmetry of galaxies in F160W (top) and F125W
(bottom), with expected value of IRAC color as color bar. The green dotted lines show the
respective PSF models.
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Figure 12 Comparison between the Gini and asymmetry values between the F125W and
F160W images. The red dotted lines shows linear fits to the data.

Table 3.

Parameters

R(Spearman)

p(Spearman)

R(Pearson)

p(Pearson)

A and G

−0.04 ± 0.33

0.51 ± 0.29

−0.05 ± 0.33

0.49 ± 0.28

A and z

−0.09+0.29
−0.28

0.54+0.28
−0.27

−0.08+0.29
−0.28

0.55+0.28
−0.27

G and z

0.13+0.26
−0.26

0.56+0.27
−0.27

0.14+0.23
−0.23

0.58+0.26
−0.27

A and [3.6]-[4.5]

+0.33
−0.05−0.34

0.5+0.3
−0.29

−0.02+0.36
−0.36

0.47+0.3
−0.3

G and [3.6]-[4.5]

0.08 ± 0.34

0.48 ± 0.29

0.02 ± 0.34

0.49 ± 0.29

z and [3.6]-[4.5]

−0.19+0.24
−0.25

0.51+0.28
−0.28

−0.1+0.21
−0.22

0.6+0.23
−0.24

A and R50,H

−0.02 ± 0.33

0.51 ± 0.29

−0.03 ± 0.33

0.5 ± 0.29

G and R50,H

−0.2 ± 0.31

0.45 ± 0.3

−0.21 ± 0.31

0.45 ± 0.3
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Table 4.

Parameters

R(Spearman)

p(Spearman)

R(Pearson)

p(Pearson)

A and G

−0.04 ± 0.33

0.51 ± 0.29

−0.05 ± 0.33

0.49 ± 0.28

A and z

−0.09+0.25
−0.28

0.54+0.27
−0.27

−0.08+0.24
−0.28

0.55+0.27
−0.27

G and z

0.13+0.28
−0.26

0.56+0.27
−0.27

0.14+0.28
−0.23

0.58+0.27
−0.27

A and [3.6]-[4.5]

+0.32
−0.05−0.34

0.5+0.28
−0.29

−0.02+0.3
−0.36

0.47+0.28
−0.3

G and [3.6]-[4.5]

0.08 ± 0.34

0.48 ± 0.29

0.02 ± 0.34

0.49 ± 0.29

z and [3.6]-[4.5]

−0.19+0.24
−0.25

0.51+0.28
−0.28

−0.1+0.21
−0.22

0.6+0.23
−0.24

A and R50,H

−0.02 ± 0.33

0.51 ± 0.29

−0.03 ± 0.33

0.5 ± 0.29

G and R50,H

−0.2 ± 0.31

0.45 ± 0.3

−0.21 ± 0.31

0.45 ± 0.3

up, this additional set of morphometric criteria may help vet ongoing target
catalog generation.
There is also a considerable difference for the scale-invariant morphologies between the two filters. The data presented in the Appendix in Section 6
as well as the morphological measurements shown in Figure 12 indicates that
there is little to no difference between F125W and F160W in their Gini and
asymmetry measurements. A direct comparison found a mean offset in Gini
and asymmetry of 0.02 and 0.07, respectively. However, as seen in Figure ??,
particular objects fall far from the regression line in both cases. Supe8-2, 3,
and 4 have high Gini offset, and Super8-2 and 3 have high asymmetry offsets.
This can be attributed by the different PSFs between F125W and F160W, as
well as the rest-frame UV coverage being of higher energy in F125W and thus
....
Additionally, the limited morphological range could be an indicator of
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galaxy formation and evolution processes at this redshift. High-redshift asymmetry could be due to an external interaction (galaxy merger) or an internal
process (high star formation rate) [Bouwens et al., 2015]. [Lotz et al., 2010]
simulated minor mergers between pairs of galaxies of differing mass ratios and
determined the resulting scale-invariant morphologies. Comparing our results
to those simulations, the galaxies in this sample show high asymmetry but
moderate Gini values, similar to the simulated galaxies that are going through
the beginning phases of minor mergers.
There exist some caveats to this comparison, however. For one, [Lotz et al., 2010]
simulated images with far greater resolution than our sample. It is possible
the simulations allowed for much more discernible internal structures than in
the high-redshift sample. On top of that, the environment of the two galaxies
samples are completely different, as the high-redshift galaxies exist in the era
of Re-ionization, with higher neutral hydrogen levels than present, while the
simulated galaxies are around z ∼ 3. From that knowledge, the only thing
that would be similar between both times may be gravitational interactions.
As such, it is high possibility from our results that z ∼ 8 is dominated by
mergers.
[Curtis-Lake et al., 2016] distinguish between “smooth” and “disturbed”
galaxies using asymmetry, calibrating their measurements using a suite of simulated images with Sérsic profiles. They find no strong evolution in the fraction
of disturbed galaxies from z ∼ 6 to z ∼ 4 and that the main driver of greater
asymmetry is offset star-formation clumps in the galaxies. Directly comparing our asymmetry values to their artificial catalog, with a caution against
comparing across data-sets and analysis techniques, shows that all our Super
Eights are in the “disturbed” range of the [Curtis-Lake et al., 2016] simulated
37

galaxies. For comparison, so is the F160W PSF image (green dashed line in
Figure 11).
The exact nature of high-redshift morphology remains debated. [Bowler et al., 2018]
discuss a sample of z ∼ 7 bright galaxies observed with HST and find that
a substantial number have either star-forming clumps or close companions.
They argue that the clumps/close companions are indeed at the same redshift
and discuss evidence for clumpy disks [?, see]for discussions on clumpy galaxies
at other redshifts]Wuyts12, Jiang13, Kartaltepe14, Goa15. Given that these
are rest-frame ultraviolet images, both clump and close (merging) companions
remain equally good explanations for their bright morphologies, as long as
accidental superposition can be ruled out.
3.5

Morphological Analysis Conclusion

We have presented new results on scale-invariant morphological measurements
of high-redshift galaxies. The Gini values of these galaxies span a limited range
between 0.18 ≤ G ≤ 0.3, while the range in asymmetry values is large, with
values in the range 0.3 ≤ A ≤ 1. Since the redshifts and magnitudes of the
[Roberts-Borsani et al., 2016a] and Bridge et al. (submitted ) are similar, we
can be fairly certain they are drawn from the same galaxy population.
The fact that there are limited correlations between the morphological
parameters and IRAC color leads to a more interesting insight. Considering
the fact that star formation was likely occurring rapidly during Re-ionization
and likely due to mergers, Gini values stay within a small range nonetheless.
As seen between the morphological parameters, both IRAC color and halflight radius are not correlated, with low rankings and low confidence in the
measurements. This points to these parameters being mostly independent
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of the other selection criteria considered to confirm high-redshift candidate
galaxies (Spitzer color and effective radius).
This allows for further application of morphometrics in terms of highredshift catalog vetting. Further testing using, possibly using simulation,
is needed to determine this; however, our sample of confirmed high-redshift
galaxies seem to indicate that certain morphometric values may help discriminate between high- and low-redshift galaxy populations.

4
4.1

Application into James Webb Observations Using JAGUAR
Introduction to Application

My previous research shows that scale-invariant morphologies have a possible use in high-redshift observation, where it can be used to vet candidates
and/or further our understanding of the hypotheses and theories of the population during Re-ionization. Established in the prior work, we suspect that
star formation is the dominant determinant in the morphology in Re-ionizing
galaxies, using implications from our results compared to [Lotz et al., 2010]
and discussed in [Bouwens et al., 2015]. Although not probing into the true
quantity describing the formation rate such as intensity or magnitude, this
distribution could be used to help determine these galaxies as high redhsift.
As such, candidacy by Gini and asymmetry seem like an obvious choice in
order to further determine if an object truly is high-redshift.
However, this all follows upon one single experiment done on a small
sample (n = 10). How would this result in other observations, instruments,
and telescopes? What implications does it have to our galaxy models and
theories? Can something empirical be created with pixel distribution? These
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large, overarching questions need to be answered in order to.
Direct comparison with more observations is difficult, as all possible
archival data is used for high-redshift. Additionally, no other instrument has
been used for such a survey at this time. As such, in order to test and attempt to answer the questions I posed, we have to look at a mock catalog
called the JADES Extragalactic Ultra-deep Artificial Realization (JAGUAR):
images and data created from a self-created, analytical model in order to
predict what and how often certain galaxies will be observed with JWST,
especially with upcoming JADES (JWST Advanced Deep Extragalactic Survey) [Williams et al., 2018]. Their model creates a population distribution for
both quiescent and star-forming galaxies, creating functions with ranges from
0.2 ≤ z ≤ 4 and 4 ≤ z ≤ 15. Population and light distribution would follow a
normal for each galaxy in this mock catalog.
With JAGUAR, this final analysis will use all algorithms and equations
from the scale-invariant morphology measurements and apply it to the mock
catalog. There are not filter transformations between HST and JWST at this
time; however, we will have to use the two closest filters to F125W and F160W
on WFC3 provided by NIRCam: F115W and F200W 4 . With the images
provided, we will do the analysis and look at relationships of the objects and
the data, and we will test to see if any correlation exists. One assumption was
made: JAGUAR has different models for quiescent and star-forming galaxies,
and se suspect the galaxies during Re-ionization to be primarily, if not all,
star-forming. We only considered the star-forming catalog and picked out the
galaxies where z ∼ 8. Our standard cosmology is the same: a ΛCDM model
where h = 0.7H, Ωm = 0.3, and ΩΛ = 0.7.
4 https://jwst-docs.stsci.edu/display/JTI/Near+Infrared+Camera
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4.2

JAGUAR Analysis Methods

Much of the methodology is the same as the section on high-redshift scaleinvariant morphology analysis. The only difference is our inference into what
sources could be high-redshift and ultra-luminous. For JAGUAR, two FITS
table was created that refers to each object as either quiescent or star-forming.
Our base assumption is that z ∼ 8 ultra-luminous galaxies are star-forming;
therefore, we picked out galaxies from the star-forming catalog whose redshift
was in the range 7.5 < z < 8.5 for both filters. Our created catalog had
redshift, effective circular radius, and UV magnitude.
After creating a catalog of our redshift range, we then ran Source
Extractor on our two images. This created two separate sample sizes for each
filter: nF 115W = 9 and nF 200W = 234. We looked into the photometry of our
model objects, with only using MAG AUTO. In doing so, we also create our
segmentation map for each object; that way, we isolate the pixels of each object
and put them in cutouts without background interference. The segmentation
map was used for the same reason as before. With the cutouts, we use the
same definitions for Gini G and asymmetry A for our pixel values Xij , provided
as a reminder:

n

G=

X
1
(2(i) − n − 1)|Xi |
|X̄|n(n − 1) i=1
X |Xij − Xij180 |
P
A=
2 i,j |Xij |
i,j

(5)
(6)

With our morphological results alongside our redshift and effective radius (which is similar to half-light radius, from [Williams et al., 2018]. Thus,
both are denoted the same: R50 ). With it, we did the Spearman and Pearson
rankings for both the F115W sample and F200W sample, with the latter likely
presenting our lower error threshold. They are to test whether a correlation
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exists and whether it is linear, respectively. As a reminder, these are models
based off of our theories, so these results will not necessarily reflect the physical Universe, but used to compare concretely our two morphological results
between the two projects.
4.3

JAGUAR Results

Our results are presented with 1σ errors. Additionally, with our large sample
size in F200W, the graphs will only present the F115W sample; however,
F200W ranking tests will be provided. The tables have tested, with weights,
any correlation between parameters in both F115W (Table 5) and F200W
(Table 6).
The range of the morphologies do not span similarly to the observed
HST sample. The Gini values appear to show that the models are more concentrated, where 0.7 < G < 0.85 gives that quantitative description. At this
wavelength, this may be due to poor performance of HST (effective diameter
of 2.4 meters) and diffraction limited performance of JWST. The more juxtaposed result comes from the asymmetry, as A ∼ 0.8 for the F115W objects
and 0.7 < A < 0.8 for F200W objects.
Comparisons to the redshift and effective radius do not contrast as
much. Similar results were produced compared to the HST observations. Further comparisons, however, can be drawn be the actual rankings.
Especially with the larger sample size within F200W, we are more certain that no correlations exist. All possible ranges for the rankings have a
possibility of a ranking of 0 for each pair with lower p-values that before.
However, our p-values are still large and they still limit on our conclusion
whether or not we can even say that there is no correlation.
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Figure 13 Gini and asymmetry measurements of the F115W sample, with 1σ errors.

Table 5.

Parameters

R(Spearman)

p(Spearman)

R(Pearson)

p(Pearson)

A and G

0.01 ± 0.35

0.52 ± 0.3

0.01 ± 0.34

0.51 ± 0.28

A and z

0.0 ± 0.38

0.48 ± 0.3

0.0 ± 0.37

0.48 ± 0.29

G and z

−0.04 ± 0.35

0.5 ± 0.29

−0.05 ± 0.35

0.49 ± 0.28

A and R50

0.01 ± 0.36

0.5 ± 0.29

0.01 ± 0.36

0.5 ± 0.29

G and R50

−0.01 ± 0.35

0.51 ± 0.3

0.0 ± 0.37

0.49 ± 0.29
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Figure 14 Comparing modelled redshifts with asymmetry(top left) and Gini (top right),
as well as comparing moddelled effective radius with asymmetry (bottom left) and Gini
(bottom right).

Table 6.

Parameters

R(Spearman)

p(Spearman)

R(Pearson)

p(Pearson)

A and G

0.02 ± 0.06

0.51 ± 0.29

0.01 ± 0.07

0.49 ± 0.3

A and z

0.0 ± 0.06

0.52 ± 0.3

0.0 ± 0.06

0.52 ± 0.3

G and z

−0.0 ± 0.06

0.49 ± 0.28

−0.0 ± 0.06

0.53 ± 0.27

A and R50

0.0 ± 0.06

0.51 ± 0.29

0.01 ± 0.07

0.51 ± 0.29

G and R50

0.01 ± 0.06

0.51 ± 0.29

0.01 ± 0.06

0.54 ± 0.27
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4.4

JAGUAR Discussion

Much of this discussion follows up on the research presented in the last section,
Section 3 and its discussion in 3.4. JAGUAR brings a gauge to our results
from the BoRG and CANDELS surveys, since these galaxies are built to have
a specific light distribution, masses, and star formation rates (SFR). Also
discussed in [Williams et al., 2018] is the probability that certain masses and
SFRs based on redshift. As such, our observational results can have some
bearing on the validity of the approach for these mock catalogs. This allows
insight on possibility of physical appearance and future implications for such
morphological measurements.
The ranges in which the morphological parameters present the first
contrast. The Ginis in our models are more concentrated than what was
observed, yet the asymmetries are far more concentrated around 0.8, while
observations are more scattered. The models’ light distributions are based off
of a Gaussian PSF, with usually high inclinations or eccentricity. From this,
we know that an uneven distribution seems to persist in our observations, with
a range of eccentricities for each galaxy.
However, the Gini-asymmetry pairs within the galaxy models’ measurements from JAGUAR still do not lie within the ranges given for mergers
in [Lotz et al., 2010]. Considering that these galaxies are classified as starforming, we predict that these galaxies are dominated by their high SFRs.
The placement within the SFR parameter space are not completely similar
to the Lotz et al (low redshift) model, as it could be located within different
locations, based on the larger asymmetry range of the observation. Additionally, SFR might have indications through Gini [Bouwens et al., 2015]. Such
an indicator might show that SFR is lower in observations than in model.
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Candidacy vetting was another big issue presented. Essentially, although our values do not lie within the JAGUAR mock galaxy models’ ranges,
they are quite close, with Gini being only 0.1 different between the ranges maximums. Our previous proposal put much emphasis in Gini as a good indicator
in F125W and F160W of whether the galaxy could be z ∼ 8, where asymmetry
can be used to vet out stellar interlopers. Both observation and model have
clumped Gini values, yet it is more clumped within the model. This may be
a conflict with theory and the physical world, yet why does it clump at 0.4
for the models, and our observations are more diffused? Between the expected
instruments, both have roughly the same effective resolution 5 , and redder
filters have more diffuse PSF functions [Dressel, 2012].
One final point presented that was not able to be tested prior is whether
a Gini or asymmetry function can be made based off of a galaxies physical parameters. With the larger sample size presented by the F200W sample, we
cannot fully conclude it. Although our values lie practically with no correlations, our high p-values hinder our confidence in our results. Initial findings
with unweighted rankings proved to say that what this leads to now is a possible null result, however. All four weighted rankings show zero correlation. In
a more empirical look, repetition in results may hold true; however, reducing
errors would also be necessary to say for certainty.

5

Future Research and Studies

From what one can tell, I have done much work when it comes to how a
galaxy can be analyzed via morphology and morphometrics. It was done using
5 https://jwst-docs.stsci.edu/display/JTI/Near+Infrared+Camera
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relatively new, untested Gini and asymmetry, which are even more new on the
application of high-redshift galaxies. To be more thorough with these results,
the sample size would have to increase. This means more high-redshift, ultraluminous galaxies need to be confirmed to be tested on. This would be more
doable when Spitzer continues operation, since its photometric measurements
help us confirm high-redshift candidates to a 3σ certainty and possibly higher.
Light distribution and morphometrics are important in understanding
properties of a galaxy. These properties tell us what is going on and make
us estimate on what is happening or how it got there. For the analyses that
I did, I would want to expand to more sub-discipline areas other than creating certainty with a larger sample test. One interest in this research is to
look towards high-energy astrophysics in order to understand the light distributions there. The general assumption with high-energy is that an extreme,
relativistic event is happening, such as a super-massive black hole or a neutron
star as examples. Applying morphometric analysis in gamma-ray and X-ray
bandwidths can help test that.
As such, for my personal future, my ultimate goal would be pursuit into
astronomy and astrophysics; I want to do research in it. So far, my interests
are with galaxies and their evolution, but there also exists an similarly strong
interest in cosmology alongside interests in all other sub-disciplines. However,
the impact from this research will be longstanding with me; I cannot overlook
the practicality of scale-invariant morphologies with such surveys. However,
my insight would be to wait for JWST to finally launch. That way, we can
truly test between observations, as well as use the practically lower errors that
the model measurements indicate for higher accuracy.
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6
6.1

Appendix
Part A: Source Extractor and GALFIT Comparisons

Part A: The graphs below, up until Part B, are all scatter and line graphs
representing the data received from the research over Source Extractor and
its accuracy and precision. Each graph is split between the two filters: J, or
F125W and H, or F160W. This is further split into the five fields: COSMOS,
EGS, UDS, GOODS-N, and GOODS-S. The graphs show the relationships
between two of the following parameters: position angle (P A), Sèrsic index
(n), effective radius (Ref f ), total flux, total magnitude, axis ratio (q), and redshift (z). An additional difference comes from Source Extractor and its two
galaxy built-in models: the disk and exponential model. The multiple red dots
with error lines are average y-values within their certain x-values. The single
error line is the average error of every point in their respective graphs. Much
of the graphs look at the parameter value and the difference value of parameters in both models. Some graphs contain a 1 : 1 regression line, presented in
yellow. Reminder: Source Extractor measurements were performed by us
and the GALFIT measurements were done by [van der Wel et al., 2014].
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6.2

Part B: Scale-Invariant Morphology Graphs

Part B : The graphs presented here are all associated with the scale-invariant
morphological research performed. Each graph mainly deals with comparisons
between two values og the given: Gini (G), asymmetry (A), photometric redshift (zphoto = z), effective, or half-light, radius (Ref f = R50 ), and IRAC color
from Spitzer ([3.6] − [4.5]). Some graphs have unique characteristics, which
will be accompanied with a caption to describe the unique characteristic.

75

References
[Bertin and Arnouts, 1996] Bertin, E. and Arnouts, S. (1996). SExtractor:
Software for source extraction. , 117:393–404.
[Bouwens et al., 2004] Bouwens, R. J., Illingworth, G. D., Blakeslee, J. P.,
Broadhurst, T. J., and Franx, M. (2004). Galaxy Size Evolution at High
Redshift and Surface Brightness Selection Effects: Constraints from the
Hubble Ultra Deep Field. , 611:L1–L4.
[Bouwens et al., 2006] Bouwens, R. J., Illingworth, G. D., Blakeslee, J. P.,
and Franx, M. (2006). Galaxies at z ˜ 6: The UV Luminosity Function
and Luminosity Density from 506 HUDF, HUDF Parallel ACS Field, and
GOODS i-Dropouts. , 653:53–85.
[Bouwens et al., 2011a] Bouwens, R. J., Illingworth, G. D., Labbe, I., Oesch,
P. A., Trenti, M., Carollo, C. M., van Dokkum, P. G., Franx, M., Stiavelli,
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Guo, Y., Hathi, N. P., Häussler, B., Hopkins, P. F., Huang, J.-S., Huang,
K.-H., Jha, S. W., Kartaltepe, J. S., Kirshner, R. P., Koo, D. C., Lai, K.,
Lee, K.-S., Li, W., Lotz, J. M., Lucas, R. A., Madau, P., McCarthy, P. J.,
McGrath, E. J., McIntosh, D. H., McLure, R. J., Mobasher, B., Moustakas,
L. A., Mozena, M., Nandra, K., Newman, J. A., Niemi, S.-M., Noeske,

K. G., Papovich, C. J., Pentericci, L., Pope, A., Primack, J. R., Rajan, A.,
Ravindranath, S., Reddy, N. A., Renzini, A., Rix, H.-W., Robaina, A. R.,
Rodney, S. A., Rosario, D. J., Rosati, P., Salimbeni, S., Scarlata, C., Siana,
B., Simard, L., Smidt, J., Somerville, R. S., Spinrad, H., Straughn, A. N.,
Strolger, L.-G., Telford, O., Teplitz, H. I., Trump, J. R., van der Wel, A.,
Villforth, C., Wechsler, R. H., Weiner, B. J., Wiklind, T., Wild, V., Wilson,
G., Wuyts, S., Yan, H.-J., and Yun, M. S. (2011). CANDELS: The Cosmic
Assembly Near-infrared Deep Extragalactic Legacy Survey. , 197:35.
[Hathi et al., 2008] Hathi, N. P., Jansen, R. A., Windhorst, R. A., Cohen,
S. H., Keel, W. C., Corbin, M. R., and Ryan, Jr., R. E. (2008). Surface
Brightness Profiles of Composite Images of Compact Galaxies at z 4-6 in
the Hubble Ultra Deep Field. , 135:156–166.
[Holwerda et al., 2018] Holwerda, B. W., Bridge, J. S., Ryan, R., Kenworthy,
M. A., Pirzkal, N., Andersen, M., Wilkins, S., Smit, R., Bernard, S. R.,
Meshkat, T., Steele, R., and Bouwens, R. C. (2018). Substellar and lowmass dwarf identification with near-infrared imaging space observatories.
ArXiv e-prints.
[Holwerda et al., 2014a] Holwerda, B. W., Muñoz-Mateos, J.-C., Comerón, S.,
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Figure 15 The size of the points correlate with IRAC color. It is a qualitative display of
larger points being more ”blue” in their composition. This is only of The ”Super-8” from
Bridge, et al. in prep.

